To test the hypothesis that different phytoplankton cellular components undergo distinct decomposition processes, we examined bacterial decomposition of extracted dissolved organic matter (EX-DOM) and cell debris from the diatom (Skeletonema costatum) using long-term incubation experiments. The decay rates indicated that EX-DOM is extremely bioreactive (1.2-1.7 d -1 ), and that particulate organic carbon (POC) from cell debris is resistant to rapid microbial degradation (0.047-0.055 d -1 ). In the experiment with grazers, the percentage of accumulated dissolved organic carbon (DOC) in the EX-DOM and cell debris experiments was 5% and 64%, respectively, of the initial DOC concentrations derived from phytoplankton cells. The initial C/N ratio of DOM in the cell debris experiments was 19.2-19.7, higher than those in the EX-DOM experiments (5.5-6.0). The percentage of accumulated DOC in the cell debris experiment with grazers was 35% at day 13. Thereafter DOC accumulated until it reached 64%. Our data indicate that these two distinct phytoplankton-derived organic materials (EX-DOM and cell debris) decay and accumulate differently. These results suggest that structural components of phytoplankton cells may persist as semi-labile POC, and that DOC produced by solubilization of structural components of cell and phytoplankton-derived DOM with high C/N ratios may accumulate as semilabile DOC in seawater.
Marine single-celled phytoplankton are the major photosynthesizers in the ocean, and account for up to 40% of primary production 16) . In terms of their contribution to global primary productivity, diatoms are among the most important aquatic photosynthesizers 20) . Some recent reports have shown that dissolved organic carbon (DOC) frequently accumulates in the euphotic zone during and after phytoplankton bloom in the western Mediterranean 15) , Sargasso Sea, Ross Sea 10, 11) , English Channel, North Sea, Strait of Georgia, Coastal Pacific Ocean 39) and the Black Sea 12) . DOC accumulation has been reported, but it is still controversial whether freshly produced DOC accumulate in the surface water despite microbial degradation. What is the key factor controlling accumulation of DOC in the upper ocean? Is it a characteristic of dissolved organic matter (DOM) or a biological process?
In the past, sedimentation and grazing losses to zooplank-ton have been considered the major sink of phytoplankton 37) . However, Brussaard et al. 9) reported that phytoplnakton cell lysis accounted for 75% of death at the end of a spring bloom near the surface of the North Sea and pointed to cell lysis as the major loss factor. Other studies also have found high rates of phytoplankton cell lysis during productive seasons near the surface at the North Sea and the NW Mediterranean. This is an important source of organic carbon for the microbial food web 1, 2, 35) . Phytoplankton cell lysis may result from exposure to extreme physiological conditions, infection by pathogens, and apoptosis 1, 6) . Whatever its cause, phytoplankton cell lysis releases the intracellular and structural components of cells to the surrounding seawater. These components of cells are likely a significant source of carbon supporting bacterial production in the surface layer, and the structural organic matter may be a major fraction of downward transport of organic carbon in the ocean. Biersmith and Benner 8) separated phytoplankton cells into four fractions: particulate organic matter (POM) (>0.1 mm), ultrafiltered DOM (UDOM) (>1000 Da) and the structural and lysate inter-cellular organic matter. They found that each fraction had its own characteristic carbohydrate composition and that the carbohydrate composition of phytoplankton UDOM is very similar to that of UDOM observed in the surface ocean. They suggested that this characteristic carbohydrate composition of UDOM may be preserved during decomposition. Therefore it is important to investigate the decomposition processes affecting the different cellular components of phytoplankton.
A number of reports on the decomposition of phytoplankton by bacteria in the laboratory 5, 7, 13, 18, 19, 21, 23, 27, 32, 36, 38) have provided useful information. However, there are few reports on experiments examining the decomposition of each phytoplankton cellular component. Furthermore, the detailed mechanisms of production and accumulation of recalcitrant organic matter remain unknown.
In this study, we tested the hypothesis that different phytoplankton cellular components undergo distinct decomposition processes resulting in accumulation of dissolved organic matter in seawater. We investigated bacterial decomposition of extracted DOM (EX-DOM) and cell debris from crushed diatom cells using long-term (2-3 months) incubation experiments. In addition, we examined the effect of grazers on the decomposition of organic matter.
Materials and Methods

Preparation of EX-DOM and cell debris fractions from diatoms
Diatoms, Skeletonema costatum NISE-323, were obtained from the National Institute of Environmental Studies. The original of this strain was offshore of Kishiwada, Osaka Bay, Japan. S. costatum was grown in batch culture using autoclaved f/2 liquid medium 22) which was prepared with the filtered seawater taken from Tanagawa in Osaka Bay and aged for more than 6 months in the dark to lower the concentration of organic matter. Cultures (total 233 L) were maintained for 2 weeks at 20°C under a 12:12 h light:dark cycle at an irradiance of 150 mmol m -2 s -1 provided by coolwhite lights, and cells were harvested by centrifugation (3000´g, 12 min, followed by 3000 rpm, 20 min) at stationary growth phase. Collected cells were kept frozen at -30°C until further preparation.
To serve as substrates for the decomposition experiments, diatom cells were processed to separate them into two fractions: extracted DOM (EX-DOM) and cell debris. Briefly, frozen diatom cells were suspended in sterilized 3% NaCl then crushed by a homogenizer (12000 rpm, 1 min) 3 times. Then eluted DOM was separated from cell debris by centrifugation (3000 rpm, 20 min). Centrifugation was repeated 3 times as for precipitate, and the supernatants were combined. Supernatant was filtered through a GF/A glass fiber filter (nominal pore-size 1.6 mm), and the filtrate was further filtered with a GF-75 glass fiber filter (nominal poresize 0.3 mm) (EX-DOM). Glass fiber filters were combusted at 500°C for 2 h before use. Precipitate was resuspended with 4 L of autoclaved aged-seawater (see above). We defined the suspension of the precipitate as the cell debris, and the filtrate as the EX-DOM.
Decomposition of EX-DOM and cell debris by natural microbial assemblages in coastal water
Twenty liter transparent polycarbonate bottles were filled with 20 L of autoclaved aged-seawater (see above), substrate (EX-DOM or cell debris of diatom), and filtered surface water containing natural plankton assemblages. Surface water (200 L) was collected from Nagamatsu, Osaka Bay on August 17, 1999, the starting date, and it was filtered through stainless-steel sieves with meshsizes of 25 mm and 500 mm. The fraction that passed though the 500 mm sieve but collected on the 25 mm one was resuspended in 2 L of the filtrate of the 25 mm sieve. A portion of the suspension of 25-500 mm fraction was filtered through a 5 mm-pore-sized membrane filter, and further filtered twice with a 0.8 mm-pore-sized membrane filter to remove bacterial grazers. For the experiments with grazer, 200 ml of suspension of 25-500 mm fraction and 200 ml of the filtrate of a 25 mm-mesh-sized sieve was added, whereas 400 ml of the filtrate from the 0.8 mm-pore-sized filter was added for the experiments without grazer. After inoculation, 240 ml of EX-DOM or 105 ml of cell debris was added to each bottle. In the experiment without grazers, it was checked microscopically that no growth of microflagellate was observed in the incubation samples. To evaluate decomposition of the organic matter present in the seawater, a control bottle containing 20 L of autoclaved aged-seawater and surface seawater with grazer, but no phytoplankton debris, was included in the series. The experimental series for decomposition of diatom-derived organic matter comprising 4 bottles and a control was performed simultaneously. No duplicates were performed. The bottles were incubated in the dark at 20°C for 2-3 months and aerobic condition was maintained by passing air into the media. Air was washed by autoclaved Milli-Q water and filtered through 0.2 mm-poresized Nuclepore filters before entering the bottle. Subsamples of particles and ambient water were taken periodically for bacterial abundance, POC and DOC analysis during the decomposition periods.
Measurement of particulate organic carbon (POC) and dissolved organic carbon (DOC) and bacterial abundance A portion of each subsample was filtrated with a GF-75 glass fiber filter (precombusted at 500°C for 2 h). The filters and the filtrate in a polypropylene tube were frozen rapidly and preserved at -30°C until analysis. Before the analysis of particulate organic carbon (POC), filters were dried over night at 65°C. POC were analyzed using SUMIGRAPH NC-90A. Particulate organic nitrogen (PON) was also analyzed simultaneously. Dissolved organic carbon (DOC) was determined by using the HTCO method 34) (SUMIGRAPH TOC-90, Sumika Chemical Analysis Service, Japan) after the removal of inorganic carbon by acidification with 2N HCl and bubbling with high purity air.
The other portion of subsamples was immediately fixed with 0.2 mm filtered formalin (final concentration 2%) and stored at 4°C until preparation of microscope slides (within 1 week). Fixed seawater samples were stained with 4',6-diamidino-2-phenylindole (DAPI) (final concentration 0.5 mg ml -1 ) for 15 min and stained bacteria were collected on black stained 0.2 mm-pore-sized filters 33) . Filters were mounted on a microscopic slide with non-fluorescent immersion oil. Stained cells were counted by epifluorescence microscopy. At least 20 fields were selected randomly for counting as for each filter.
Results
Particulate and dissolved organic matter
Concentrations of POC in the EX-DOM experiment with grazers and without grazers rapidly increased from 0.87 mg L -1 (day 0) to 8.01 mg L -1 (day 1) and from 0.88 mg L -1 Table 1 , Fig. 1A , Fig. 2A ), respectively. The C/N ratios (mol/mol) at maximum POC concentration were 4.7 and 4.8 (data not shown). These results suggest that the production of POC with a lower C/N ratio during the first few days was directly linked to increased bacterial abundance in our experiment and that the increase in POM likely consisted mostly of bacteria. In EX-DOM experiments, after the POC concentration reached its maximum, POC decreased sharply and was followed by a smooth decrease of POC (Fig. 1A, Fig. 2A ). The POC concentration at the end of the EX-DOM experiments with and without grazers were 9 and 17% of there maximum values, respectively. Relative to the initial bulk POC concentration, the final concentrations were 82 and 167%, respectively ( Table 3) . The difference between the initial and final POC concentrations is an estimate of the accumulated POC throughout the decomposition experiment. Accumulated POC at the end of the EX-DOM experiment with grazers was 0.59 mg L -1 , representing 8% of the net increase at the POC maximum (Table 3 ). In contrast, no POC accumulated in the EX-DOM experiment with grazers. The C/N ratios of POM at the end of the EX-DOM experiments with and without grazers were 6.8 and 5.7, respectively ( Table 2 ). In the cell debris experiments, the POC concentration declined rapidly at first, then more slowly (Fig. 1A, Fig. 2A ). The remaining POC in the cell debris experiments with and without grazers were 11 and 17% of the initial bulk POC concentration, respectively (Table 3) , and the C/N ratios of POM at the end of the incubation were 8.4 and 7.4, respectively ( Table 2 ). The C/N ratios of POM increased slightly in the EX-DOM and cell debris experiments (Table  2) . At the end of the incubation, the C/N ratios of POM in the cell debris experiments were higher than those in the EX-DOM experiments.
In the EX-DOM experiments, we observed an initial rapid decrease of DOC concentrations. Concentrations of DOC in the EX-DOM experiments with and without grazers decreased 11.12 mg L -1 and 9.05 mg L -1 in 1 day, representing 76% and 64% of the initial bulk DOC concentration, respectively (Fig. 1B, Fig. 2B ). DOC concentrations decreased gradually from the fourth day in the EX-DOM experiments. Final DOC concentrations in the EX-DOM experiments with and without grazers were 11 and 14% of the initial bulk DOC concentration, respectively (Table 3) . Initial DOC concentrations were 5.70 mg L -1 -6.23 mg L -1 in the cell debris experiments ( Table 1 ). The DOC was precipitated with residual phytoplankton cell debris by centrifugation. The C/N ratio of DOM in the cell debris experiments was 19.2-19.7 ( Table 2) , showing that the precipitated DOM was more carbon-rich than that in the EX-DOM experiments (5.5-6.0) ( Table 2 ). Concentrations of DOC in the cell debris experiments with and without grazers decreased 2.59 mg L -1 and 4.02 mg L -1 , respectively, over the first 2 days (Fig. 1B, Fig. 2B ). Thereafter the DOC concentration increased a little and was relatively constant from 20 days to the last day (Fig. 1B, Fig. 2B ). Remaining DOC concentrations in the cell debris experiments with and without grazers were 58 and 42% of the initial bulk DOC concentration (Table 3) .
Bacterial abundance and growth rate
Total bacterial abundance in all experiments rapidly increased and peaked during the first few days coincidentally with rapid decreases of organic matter. Bacteria abundance in the EX-DOM experiment with and without grazers reached maximum values after 1 day and 2 days, respectively (Fig. 1C, Fig. 2C ). The bacterial abundance increased from 0.48´10 6 cells mL -1 (day 0) to 47.4´10 6 cells mL -1
(day 1), and from 0.56´10 6 cells mL -1 (day 0) to 83.0´10 6 cells mL -1 (day 2), respectively (Table 4) . Bacterial abundance in the cell debris experiments with and without grazers reached maximum values after 2 and 4 days, and the abundance increased from 0.39´10 6 cells mL -1 (day 0) to 44.4´10 6 cells mL -1 (day 2), and from 0.37´10 6 cells mL -1
(day 0) to 57.2´10 6 cells mL -1 (day 4), respectively (Table  4 , Fig. 1C and Fig. 2C ). Bacterial abundance in the EX-DOM and cell debris experiments increased by a factor of 100 to 157 during the first few days of incubation. Bacterial abundance in the experiments with grazers decreased drastically from their peaks and approached the abundance of control samples by the end of incubation (Fig. 1C) . In contrast, bacterial abundance in the experiment without grazers gradually decreased until the end of the experiment (Fig. 2C) . Bacterial abundance in the experiments without grazers remained consistently higher than in the experiments with grazers. The final bacterial abundance in the experiments without grazers was 4 times greater than the final abundance in the experiments with grazers (Fig. 1C,  Fig. 2C ).
Growth rates were calculated from the increasing cell abundance during exponential growth phase. The growth rate in the experiment varied between 0.20 and 0.23 h -1 (Table 4) , and growth rates in the EX-DOM experiments tended to be a little higher than those in the cell debris experiments.
Kinetics of phytoplankton-derived organic matter decay
The decay of POC and DOC can be described well by a combination of two first-order rate expressions, one for each of 2 organic matter fractions in the EX-DOM and cell debris experiments. We fit the rate expression to the data for loss of POC and DOC, using a least square regression of log-transformed concentration versus time. The decomposition rate expression is:
The POC and DOC concentration of any constituent at a point in time (G(t)) is the product of its original concentration (G 0 ) and the first-order decay constant (k) at that time. We identified the decay rate constant of the most reactive organic carbon (initial, fast decay) as k 1 and that of the less reactive organic carbon (later, slower decay) as k 2 . Calculated values of k1 for POC were 0.13-0.25 and 0.047-0.055 d (Table 5 ). In the EX-DOM experiments, the decay constant for the POC was calculated from the POC decrease after the maximum POC subsequent to the increase of bacterial abundance. The values of k 1 for DOC were 1.2-1.7 and 0.32-0.53 d -1 in the EX-DOM and cell debris experiments, respectively ( Table 5 ). The k 2 for DOC were 0.0059-0.0071 d -1 in the EX-DOM experiments and 0.0023 d -1 in the cell debris experiment ( Table 5 ). The decay constant of DOC in the cell debris experiment with grazers could not be calculated because DOC decreased very little from day 20 to the end of incubation. The initial decay constant of DOC in the EX-DOM experiment was extremely fast (1.2-1.7 d -1 ) in comparison with that for the cell debris experiments and other organic fractions. This showed that the DOM produced by phytoplankton cell lysis is rapidly utilized for bacterial growth. 
Discussion
Previous studies have examined decomposition of phytoplankton by bacteria in seawater using incubation experiments, providing decomposition rate constants for whole phytoplankton cells. Little attention has been given to the distinct decomposition processes affected by the various components of phytoplankton cells. Recent research has suggested that phytoplnakton cell lysis occurs during spring blooms near the surface 1, 2, 9, 35) and that the carbohydrate composition of UDOM (>1000 Da) observed in the surface ocean is very similar to that of phytoplankton UDOM 8) . In this study, we used fractionated phytoplankton-derived organic matter (EX-DOM and cell debris) as a model for cytosol and structural components of phytoplankton cells in seawater. We compared the decomposition rate constants and accumulation of two distinct components of phytoplankton cells (EX-DOM and cell debris) in two different situations (with and without grazers). These comparisons allow us to discuss some basic mechanisms for variability in turnover rates and accumulation among different components of organic matter in seawater.
Our data demonstrated that distinct phytoplankton cellular components decay with different rate constants. The initial decay constants (k1) for POC in the cell debris experiment were significantly lower (1/2-1/6) than those in the EX-DOM experiment, whereas the later decay constants (k2) for POC in the EX-DOM experiment were lower (1/2-1/6) than those in the cell debris experiment. Note that the increased POC in the EX-DOM experiment during the first few days (See Fig. 1A, Fig. 2A ) coincided with the increase of bacterial abundance, and that the POC increase consisted of mainly bacteria. The loss of bacteria to grazing or dissolution directly reflects the decomposition rate for POC in the EX-DOM experiments, and the difference in the k1 between treatments with and without grazers. These results indicated that the POC produced by the increase of bacterial abundance was quickly decomposed (0.13-0.25 d -1 ) by grazers or dissolution and transformed from POM. The low k 2 of POC in the EX-DOM experiments resulting from depletion of the POC consisted mostly of bacteria. The decay rate constants (k 1 and k 2 ) for POC in the cell debris experiment varied by less than 1 order of magnitude (0.010-0.055 d -1 ). Several studies have reported rate constants for POC of whole phytoplankton cells (S. costatum) assuming first-order kinetics; k 1 ranges from 0.071 to 0.11 d -1 , and k 2 from 0.011 to 0.045 d - 1 23,27,31) . Our data indicated that the decay rate constant for phytoplankton-derived POC (cell debris) is lower than that reported for whole phytoplankton cells, and that it is similar to the reported values of the slower rate, k2, for whole cells. From these results, we suggest that cell debris, such as structural components of phytoplankton cells, is more resistant to rapid microbial decomposition than other cellular components, and that it persists as semilabile POC in seawater. The k 2 for POC in the cell debris experiments without grazers was 2-3 times higher than in the experiment with grazers. Because bacterial abundance in the latter part of experiment without grazers remained consistently higher than in the experiment with grazers, the decomposition of the less reactive phytoplanktonderived POM could have been accelerated by high bacterial abundance toward the end of incubation.
The k 1 's for DOC in the cell debris experiment were significantly lower (1/2-1/6) than those in the EX-DOM experiment. The k2 for DOC in the cell debris experiments were lower overall than those in the EX-DOM experiments. The k 2 for DOC in the cell debris experiment with grazers could not be calculated because of the small decrease of DOC. The initial C/N ratio of DOM in the cell debris experiment was 19.2-19.7 (Table 2), higher than that for the other cell fractions. This is similar to the C/N ratio of 20 that was observed by Biersmith and Benner 8) for UDOM (>1000 Da) derived from phytoplankton cells (S. costatum). They demonstrated that UDOM from phytoplankton was rich in carbohydrates relative to other cellar components. Norrman et al. 28) indicated that new DOM produced by a diatom bloom had a high C/N ratio (>22) consistent with carbohydrate structure. The initial DOM in the cell debris experiment may also be carbohydrate-rich. Based on the above result and the low initial C/N ratio of DOM in the EX-DOM experiments (5.6-6.0), we suggest that the DOM derived from different phytoplankton cellular components has distinct biochemical composition and bioreactivity in seawater. In previous reports the first-order decay rate constants, k1 for DOC derived from phytoplankton whole cells or during phytoplankton blooms ranged from 0.077 to 0.46 d -1 , and k 2 from 0.025 to 0.048 d - 1 3,13,24,27) . Although the k1's for DOC in the cell debris experiments are close to the reported high value, the k 1 's for DOC in the EX-DOM experiments are much higher (1.2-1.7 d -1 ) than the reported range, indicating that cell lysate of phytoplankton is highly bioreactive. In contrast, the k 2 's for DOC in our study are lower by one order of magnitude than the reported range. The k2's are similar to k 2 for DOC in the control (0.0052 d -1 , data not shown) and they are consistent with the k 2 range (0.001-0.009 d -1 ) for decomposition of seawater samples in previous reports 14, 29, 30) . In particular, the k 2 for DOC in the cell debris experiments was lower, although about 1/2 of initial DOC concentrations remained at the end of the experiment. The phytoplankton-derived DOM with high C/N ratios (about 20) appears to be resistant to rapid microbial decomposition and could be an important source of semi-labile DOM in seawater.
Remineralization of carbon and loss of TOC in the experiment was about 77-85% of the initial TOC concentration by the end of incubation ( Table 3 ), indicating that most of the phytoplankton-derived organic matter biologically degraded during the decomposition experiment. Accumulated POC, as in the difference between initial and final concentrations in the EX-DOM experiments with and without grazers, were 0 and 8%, respectively, of the net increase at the POC maximum (Table 3 ). These results suggest that most of the POC produced by the increase of bacterial abundance was decomposed by grazers or dissolution. The difference in the final organic carbon concentrations in the control and the sample is an accumulation of organic carbon throughout the decomposition experiment. Accumulated POC in the cell debris experiment with grazers was 3.89 mg L -1 , representing 11% of the initial POC concentration derived from phytoplankton cells ( Table 3 ), suggesting that structural components of phytoplankton cells may accumulate as semi-labile POM in seawater. Accumulated DOC in the EX-DOM and cell debris experiments with grazers was 0.65 and 2.50 mg L -1 , respectively, representing 5% and 64% of the initial DOC concentration derived from phytoplankton cells (Table 3) . Fry et al. 17) indicated that DOC produced from diatom blooms was more reactive but that 25-35% of bloom-derived DOC still persisted at the end of a 2.5-year experiment. Moreover, Meon and Kirchman 26) reported that 32% of the DOC derived from an experimental bloom remained and was still accumulating after 7 weeks. In contrast with other studies, percentages of accumulated DOC varied considerably (5%-64%) in our experiments. Accumulation of DOC in the cell debris experiment with grazers was 35% at day 13 (before its concentration increased) (Fig. 1C) . Thereafter DOC accumulated until it reached 64% by the last day, although the POC concentration continued to decrease. The increased percentages of accumulation for DOC from day 13 in the cell debris experiment with grazers was probably caused by solubilization of POC that are structural components of phytoplankton cells. Lara and Thomas 25) observed an increase in recalcitrant DOC as POC decreased in the decomposition of radiolabelled diatoms, and suggested that cellular components such as phytoplankton cell membranes and wall material may have been the source. Amon and Benner 4) proposed a sizereactivity continuum model in which organic matter becomes smaller and less bioreactive as it degrades. Our results support their findings, suggesting that the biological lability of original POM may affect the accumulation of DOM after decomposition and that phytoplankton-derived POC, such as structural components of phytoplankton cells, may play an important role in accumulation of semi-labile DOC during productive seasons.
In summary, this study demonstrates that the two distinct phytoplankton-derived organic materials (EX-DOM and cell debris) decay and accumulate differently. Our results indicate that structural components of phytoplankton cells are more resistant to rapid utilization by bacteria than cell lysate, which is extremely bioreactive, and that high bacterial abundance could accelerate the decay of less reactive phytoplankton-derived organic matters in the later stages of decomposition. We suggest that structural components of phytoplankton cells may persist as semi-labile POC, and that DOC produced by solubilization of structural components of cell and phytoplankton-derived DOM with high C/N ratios (about 20) may accumulate as semi-labile DOC during and after phytoplankton blooms.
